ABSTRACT: Terrestrial cosmogenic nuclide (TCN) concentrations in fluvial sediment, from which denudation rates are commonly inferred, can be affected by hillslope processes. TCN concentrations in gravel and sand may differ if localized, deep-excavation processes (e.g. landslides, debris flows) affect the contributing catchment, whereas the TCN concentrations of sand and gravel tend to be more similar when diffusional processes like soil creep and sheetwash are dominant. To date, however, no study has systematically compared TCN concentrations in different detrital grain-size fractions with a detailed inventory of hillslope processes from the entire catchment. Here we compare concentrations of the TCN 10 Be in 20 detrital sand samples from the Quebrada del Toro (southern Central Andes, Argentina) to a hillslope-process inventory from each contributing catchment. Our comparison reveals a shift from lowslope gullying and scree production in slowly denuding, low-slope areas to steep-slope gullying and landsliding in fast-denuding, steep areas. To investigate whether the nature of hillslope processes (locally excavating or more uniformly denuding) may be reflected in a comparison of the 10 Be concentrations of sand and gravel, we define the normalized sand-gravel index (NSGI) as the 10 Be-concentration difference between sand and gravel divided by their summed concentrations. We find a positive, linear relationship between the NSGI and median slope, such that our NSGI values broadly reflect the shift in hillslope processes from lowslope gullying and scree production to steep-slope gullying and landsliding. Higher NSGI values characterize regions affected by steep-slope gullying or landsliding. We relate the large scatter in the relationship, which is exhibited particularly in low-slope areas, to reduced hillslope-channel connectivity and associated transient sediment storage within those catchments. While high NSGI values in well-connected catchments are a reliable signal of deep-excavation processes, hillslope excavation processes may not be reliably recorded by NSGI values where sediment experiences transient storage.
Introduction
Terrestrial cosmogenic nuclides (TCN) have enabled the measurement of catchment-mean denudation rates over 10 2 -10 6 year timescales (Brown et al., 1995; Bierman and Steig, 1996; Granger et al., 1996) and the tracking of changes in past denudation rates (e.g. Balco and Stone, 2005; Garcin et al., 2017; Schaller et al., 2004 , Schaller et al., 2002 . However, it has been shown that the concentration of the TCN 10 Be ([ 10 Be]) in detrital sediment, from which catchment-mean denudation rates are commonly inferred, is affected by hillslope processes such as landslides (Puchol et al., 2014; West et al., 2014) and debris flows (Kober et al., 2012) . In several cases, [ 10 Be] in detrital sediment has been shown to vary with grain size, which has been suggested to result from different hillslope processes mobilizing different grain-size distributions (Belmont et al., 2007; Aguilar et al., 2014; Puchol et al., 2014; Carretier et al., 2015; Schildgen et al., 2016) . These observations imply that [ 10 Be] in fluvial sediments not only track denudation rates and their changes through time, but also preserve information about hillslope processes within the contributing catchment area. To date, however, there has been no systematic study comparing [
10 Be] in different grain sizes to an inventory of hillslope processes within each contributing catchment.
Both TCN concentrations and grain-size distributions vary with depth. The in-situ production of 10 Be is greatest at the Earth's surface and decreases approximately exponentially with depth ( Figure 1A ; Lal, 1991) . At~3 m depth, the production rate is close to zero. In addition, grain-size distributions tend to coarsen with depth (Ruxton and Beery, 1957; Puchol et al., 2014) . While the abundance of sand tends to be higher close to the surface and decreases with depth, the abundance of gravel tends to increase with depth due to less chemical weathering in deeper layers (Paasche et al., 2006; Puchol et al., 2014) . In soil-mantled landscapes grain size distributions can deviate from this theoretical distribution due to the presence of a mixing layer (Riebe and Granger, 2013) . If the surface is denuded uniformly and steadily throughout a catchment, the [
10 Be] in fluvial sediment is inversely related to the mean denudation rate (Lal, 1991; Brown et al., 1995; Bierman and Steig, 1996; Granger et al., 1996) . Deep-excavation processes such as landsliding can remove several meters of material instantly, and consequently contribute sediment with low [ 10 Be] to channels, resulting in higher catchment-mean denudation rates inferred from detrital sediment concentrations (Niemi et al., 2005; Yanites et al., 2009; Puchol et al., 2014; West et al., 2014) . Landsliding or debris-flow activity also tends to produce coarser detrital material relative to processes like soil creep, because their mobilized material comprises a larger proportion of deeply-sourced, less-weathered, coarser material ( Figure 1B ; Attal et al., 2015; Attal and Lavé, 2006; RodaBoluda et al., 2018; Sklar et al., 2017 
In areas dominated by diffusive hillslope processes like soil creep and sheetwash, fluvial sand and gravel is mainly sourced from near-surface layers with similar [ Be] gravel that are mobilized by deep excavation processes. The NSGI should decrease again if deep-excavation events dominate the sampled sediment, and provide the majority of both the sand and gravel (e.g. landslide deposits). For such deposits, the NSGI would reflect the local [ 10 Be] difference of the sand and gravel fractions due to their sourcing from different depth layers ( Figure 1A Be during slower transport of gravel compared to sand on gentle slopes (Codilean et al., 2014) .
As a preliminary test of how different hillslope processes affect [ 10 Be] in different grain sizes, we first compare [
10 Be] measured in fluvial sands collected from the Quebrada del Toro in the southern Central Andes to our mapped inventory of five distinct hillslope processes to investigate potential correlations among hillslope gradient, denudation rate, and hillslope processes. Second, we address whether a signal of hillslope processes is reflected in comparisons of [
10 Be] in sand and gravel fractions, such that variations in erosion processes may be traced in sedimentary archives.
Study area
The Quebrada del Toro is a N-S oriented intermontane basin in the Eastern Cordillera of NW Argentina, which narrows southward where it traverses late Proterozoic basement rocks Codilean et al., 2014) . An increased abundance of local excavation processes should shift the NSGI toward more positive values. Highest NSGI values are expected when the majority of the gravel is contributed by deeper excavation events with low [
10 Be] gravel and the majority of the sand contributed by shallow processes. The NSGI decreases again if deep-excavation events dominate the sampled sediment, and provide the majority of both the sand and gravel. The graphs of column A were modified from Puchol et al., (2014) .
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( Figure 2 ). The basin is located between the arid Altiplano-Puna Plateau to the west and the humid foreland to the east, and it is bordered by reverse-fault bounded basement ranges. Activity on the Solá Fault in the west began in late Miocene time (Hilley and Strecker, 2005) ; to the northeast is the Gólgota Fault, which has been active since the Miocene and delimits the Sierra Pasha, a formerly glaciated range that forms an orographic barrier to precipitation (Marrett and Strecker, 2000) . Exposed lithologic units in the ranges include late Proterozoic quartz-bearing metasediments, late Precambrian to early Cambrian granites, Cambrian quartzites, Cretaceous to Tertiary continental sandstones, Cretaceous shallow marine limestones, Miocene to Pliocene conglomerates, and Quaternary gravels (Reyes and Salfity, 1973; Schwab and Schäfer, 1976; Omarini et al., 1999) . The basin covers~4000 km 2 between elevations of 1500 to 5900 m asl and is drained by the braided Río Toro. The region is subjected to ongoing deformation (García et al., 2013) and frequent, lowmagnitude earthquakes (Hain et al., 2011) .
Methods

Cosmogenic radionuclide analyses
We collected 15 detrital sand samples (250 -500 μm) for 10 Be analysis along the Río Toro main stem (n=4; sample prefix "M") and its tributaries (n=11; sample prefix "T") to quantify denudation rates (Table I ). In 13 of those locations, we additionally sampled pebbles (1-3 cm, >65 clasts for each sample). The drainage areas of the main-stem samples range from 1495 to 2962 km 2 , whereas the tributary catchments range from 9 to 779 km 2 . Tributaries were sampled sufficiently far upstream to García et al., 2013; Hilley and Strecker, 2005; Tofelde et al., 2017) . The intermontane basin is located within the Eastern Cordillera of the southern Central Andes (insert), with the Puna Plateau to its west and the foreland to its east. cgl. = conglomerate.
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avoid admixing by main-stem material during flooding. In addition, we re-analyzed the 10 Be data from five previously published detrital sand samples from the Quebrada del Toro using an updated reference production rate (C1, C2, C3, C5, C6; Bookhagen and Strecker, 2012) .
The sand and gravel samples were collected in March 2014. Mineral separation and quartz purification was carried out at the University of Potsdam, Germany. Sample preparation followed standard procedures . First, samples were crushed (in the case of pebbles) and sieved. Next, quartz grains from the sand (250 -500 μm) and crushed-pebble (250-1000 μm) samples were concentrated through magnetic separation. Subsequent chemical treatments with HCl and H 2 O 2 dissolved carbonate and organic components. To dissolve non-quartz minerals and remove meteoric 10 Be, the samples were leached three times with a 1% HF/HNO 3 solution in an ultrasonic bath for 12 h each. Column chemistry and target preparation was performed at the GeoForschungsZentrum (GFZ) Potsdam, Germany, following standard procedures (i.e. von . Prior to dissolution, 150 μg of a 9 Be carrier was added to each sample. Quartz was digested with concentrated HF (48%), and Be(OH) 2 was isolated via column chemistry. Be(OH) 2 was oxidized to BeO, mixed with Niobium, and prepared as targets for 10 Be/ 9 Be measurement with an accelerator mass spectrometer (AMS). AMS Table I . Cosmogenic nuclide samples. CC= pebble samples, CS= sand samples, P (mu)= muon production rate, P (sp)= spallation production rate. Catchment-mean denudation rates calculated with a reference spallation production rate of 4.00 atoms/(g*yr) (Borchers et al., 2016) and the timedependent scaling scheme of Lal (1991) and Stone (2000) . All calculations were performed using the 07KNSTD 10 Be standard (Bookhagen and Strecker, 2012) . 10 Be concentrations were extracted from the original publication, all further calculations were redone. **Previously published blanks (Tofelde et al., 2017) .
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measurements were performed at the Department of Geology and Mineralogy, University of Cologne, Germany. The AMS standards used were KN01-6-2 and KN01-5-3; these have nominal 10 Be/ 9 Be ratios of 5.35*10 -13 and 6.32*10 -12 , respectively. Blank corrections were performed using the average value of all 10 blanks processed during sample preparation (Table I; a mean   10 Be/ 9 Be ratio of 3.88*10 -15 was used for blank corrections of 10 Be/ 9 Be sample ratios). The 10 Be concentration of fluvial sediment can be used to calculate catchment-mean denudation rates (ɛ) using the following equation (Lal, 1991) :
with P being the catchment-mean 10 Be production rate [atoms/ (g*yr)] and C the measured 10 Be concentration [atoms/g]; the subscript 0 on both refers to the surface (depth of zero). λ is the 10 Be decay rate [atoms/(g*yr)], Λ is the attenuation coefficient [g/cm 2 ] and ρ is the density of the eroding material [g/ cm 3 ]. To solve this equation, we used the script of Scherler et al. (2014) , which calculates the production rate first for each pixel within a catchment based on the reference production rate, the scaling scheme, and local shielding. Next, the script computes a catchment-mean production rate. For our analysis, we used a reference spallation-production rate of 4.00 atoms/(g*yr) (Borchers et al., 2016) and the time-dependent scaling scheme of Lal (1991) and Stone (2000) , commonly known as the Lm-scaling scheme (Balco et al., 2008) . In addition, we used the decay rate for 10 Be of 4.99 ± 0.043 10 -7 yr -1 (Chmeleff et al., 2010; Korschinek et al., 2010) , an attenuation coefficient of 160 g/cm 2 , and a rock density of 2.7 g/cm 3 . All calculations were performed using the 07KNSTD 10 Be standard. We report 1σ uncertainties for the denudation rates. The uncertainties are equivalent to the external uncertainties given by the CRONUS-Earth calculator (Balco et al., 2008) and include the analytical uncertainty of the 10 Be AMS measurement and the uncertainties of the reference spallation and muogenic production rates.
Hillslope-process inventory
We compared the 10 Be concentrations to a hillslope-process inventory that we created from Google Earth imagery, by mapping four non-diffusive, gravel-producing hillslope processes with a total of >8,500 polygons. We used the available historical imagery, with most images starting between 2003 and 2009. We named the four processes that we observed in the Quebrada del Toro low-slope gullying, scree production, steep-slope gullying, and deep-seated landsliding (Figure 3 ; KML files containing our hillslope-process inventory can be found in the supplementary material). Low-slope gullies form rills in gently sloping sedimentary deposits (mostly Miocene to Quaternary in age) and mobilize gravel close to the surface. Steep-slope gullies occur on steep slopes and are associated with debrisflows, which remove material from depths of up to several meters. Scree production occurs on steep slopes and is often related to river undercutting. Deep-seated landslides are rare, but tend to occur on steep slopes, where they mobilize rock from up to several meters depth. Moraine deposits visible in several locations above~3700 m elevation indicate the former presence of glaciers. We mapped the extent of glaciers based on moraines and glacially carved valleys. However, the previously glaciated parts of the landscape today appear mainly diffusive, or are otherwise mapped as one of the areas characterized by the four non-diffusional processes. We summed the total area of each non-diffusive erosion process for each catchment using ArcGIS and defined the remaining area as characterized by diffusional processes, i.e., soil creep or sheetwash (Table S1 ). We make the assumption that the spatial distribution of those processes today is representative for the timescale over which the denudation rates average (10 2 to 10 5 yr).
Topographic analysis
Our stream network and slope analyses are based on the~30-m-resolution SRTM digital elevation model (DEM) (data available from the U.S. Geological Survey). Slope is calculated for each pixel as the maximum rate of change in elevation between that pixel cell and its neighboring 8 cells. Based on that map, the slope distribution for each catchment and for the hillslope processes can be extracted. Then, a median slope value for the catchments and hillslope processes is calculated. We calculate the median rather than the mean slope due to the non-normal slope distributions, but the values differ by only 1 to 3 degrees for each catchment, and the choice of either does not affect the observed trends (Table S2 , Figure S1 ). Previous studies have shown that the standard deviation of the slope depends on the resolution of the DEM (Ouimet et al., 2009) . Instead of reporting the standard deviation, we additionally show the entire slope distribution from SRTM~30-m data. Longitudinal river profiles were extracted in Matlab using the FLOWobj-and STREAMobj-functions provided by the TopoToolbox (Schwanghart and Scherler, 2014) .
Results
Denudation rates and hillslope processes
Catchment-mean denudation rates derived from the sand samples range from 0.01 ± 0.001 to 1.34 ± 0.34 mm/yr ( Figure 4A , Table I ). Five additional denudation rates (C1, C2, C3, C5, C6) were recalculated from 10 Be data previously reported by Bookhagen and Strecker (2012) . Three of those sites (C1, C2 and C3) were sampled near our sample locations; the associated denudation rates either agree within uncertainty (C1, C2) or within a factor of~2 (C3) of our calculated rates. This difference is minor compared to the increase in denudation rates from N to S across the field area, which spans two orders of magnitude ( Figure 4A insert) .
Catchment-mean denudation rates increase non-linearly with catchment-median slope ( Figure 4B ). In detail, denudation rates increase linearly with median slope up to around 25°, beyond which they increase approximately exponentially. Denudation rates also increase non-linearly with normalized channel steepness index (k sn ) (e.g. Wobus et al., 2006) and relief, but those relationships show a weaker correlation ( Figure  S1 , Table S2 ).
Our hillslope-process inventory allows us to investigate how denudation rates and topographic metrics vary with hillslope processes. The pie charts ( Figure 4B ) represent the proportional area covered by low-slope gullying, steep-slope gullying, scree production, and deep-seated landsliding. The numbers indicate the percentage of the catchment area covered by those four processes; the remaining area in each catchment is characterized by diffusional hillslope processes (soil creep or sheetwash). An asterisk indicates the presence of moraines in the catchment. Previously glaciated regions range from~0.2 to~15.7% of the catchment areas. We found no relationship between the formerly glaciated area and denudation rates, but we found a gradual shift in the type of erosion processes with increasing denudation rates and slopes. Apart from soil creep or sheetwash, low-gradient areas with low denudation rates are influenced by low-slope gullying. With increasing hillslope angles and denudation rates, scree production becomes more important, and when hillslope angles increase further, steep-slope gullying becomes more prevalent. Evidence for present-day deep-seated landsliding is sparse.
The total area covered by any of those four non-diffusive processes is small (0.7 to 18.8% of the catchment areas; Table S1 ). However, we only mapped areas with clear remnants of any of those four processes. The time for the visible recovery of the landscape after any localized mass-wasting event, however, is likely shorter than the recovery of the steady-state 10 Be depth profile in the bedrock. The mapped areal extents of nondiffusive processes are therefore likely underestimated with respect to the averaging timescale of the cosmogenic method.
Normalized sand-gravel index
We measured NSGI values between -0.22 and 0.79 ( Figure 4C , Table S2 ). The index values, although showing substantial scatter, increase linearly with catchment-median slope, indicating an increasing contribution of low [ 10 Be] gravel on steeper hillslopes. Negative NSGI values only occur in catchments characterized by low-gradient slopes, low denudation rates, and low-slope gullying, whereas positive values close to 1 occur in steep, rapidly eroding catchments influenced by steepslope gullying and deep-seated landsliding. Furthermore, despite some scatter, we find that the NSGI increases with the proportion of the catchment surface area affected by landslides and steep-slope gullies ( Figure 4D ). Overall, < 3.5 % of the total catchment areas are affected by these deep-seated process, but, we expect these numbers to be underestimated due to the restriction of the hillslope-process mapping to the last 10 years of available imagery. The non-linear increase of denudation rate with slope and the linear increase of NSGI with slope result in a non-linear relationship between denudation rate and NSGI ( Figure 4E ). Slowly denuding areas reveal a range of NSGI values between -0.22 and 0.5. Once denudation rates exceed~0.2 mm/yr, NSGI values exceed 0.5 and increase with higher denudation rates.
Discussion
Correlation between denudation rates and hillslope processes
The non-linear increase in 10 Be-derived catchment-mean denudation rates with catchment-median slope in our dataset ( Figure 4B ) is in agreement with earlier studies (e.g. von 3091 THE EFFECT OF HILLSLOPE PROCESSES ON 10BE CONCENTRATIONS Binnie et al., 2007; Ouimet et al., 2009; DiBiase et al., 2010; Carretier et al., 2013) . As noted by those studies, whereas the mean or median hillslope gradient tracks catchment-mean denudation rates for lower slopes, this topographic metric becomes insensitive to changes in erosion rate in steeper areas, when hillslopes reach threshold angles. It has been suggested that once river incision creates hillslopes steep enough to initiate landsliding, any further increase in river down-cutting is accommodated by an increase in landslide frequency and not by further steepening of slopes (Burbank et al., 1996) . Field studies have supported this idea, by showing that despite having similar mean hillslope angles, inventory-based landslide erosion rates are highly variable and correlate well with exhumation rates (Larsen and Montgomery, 2012; Bennett et al., 2016) . Both modeling studies and empirical observations support the idea that landslide activity influences the [
10 Be] in Figure 4 . (A) Sampling sites for detrital sand (n=20) and gravel (n=13, names of gravel sample sites given in C) along the main stem (blue, sample prefix "M") and tributaries (yellow, sample prefix "T"). Samples with the prefix "C" were recalculated from a previously published dataset (Bookhagen and Strecker, 2012) . The catchments are colored according to mean denudation rates, which were calculated from [ (E) The NSGI shows a non-linear relationship with catchment-mean denudation rates derived from the sand fraction. Whereas slowly denuding areas experience some scatter in their NSGI, NSGI values become consistently larger than 0.5 and increase with higher denudation rates once catchment-mean denudation rates exceed~0.2 mm/yr.
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fluvial sediments by introducing low-concentration material to channels, resulting in higher inferred denudation rates (Niemi et al., 2005; Yanites et al., 2009; Puchol et al., 2014; West et al., 2014) . In our study area, recent deep-seated landslides are rarely observed, despite the non-linear increase in denudation rates in steeper areas. We find a gradual shift in hillslope processes with increasing hillslope angles from low-slope gullying, to scree production, and finally to steep-slope gullying and landsliding ( Figure 4B ). In particular, we find steep-slope gullying to be the most common process characterizing threshold hillslopes, rather than deep-seated landsliding.
We assume that all mapped hillslope processes erode to a different average depth per event, have different recurrence intervals, and consequently affect the [ 10 Be] in fluvial sediment to a different degree. To quantify the impact of those individual hillslope processes on [
10 Be] in mobilized sediment, we would not only need to know the average depth per event and average recurrence, but also the vertical distribution of grain sizes. Because the current knowledge on grain size-distributions associated with various hillslope processes is limited (Attal and Lavé, 2006; Marshall and Sklar, 2012; Attal et al., 2015; Sklar et al., 2017) , we cannot yet quantify the contribution of the individual hillslope processes to our measured [
10 Be], nor can we quantify the sediment flux associated with each process. However, our dataset suggests that the non-linearity in the relationship between 10 Be-derived denudation rates and slope is not only linked to changing landslide frequency, but also to a shift in the type of hillslope processes occurring within the catchments.
Normalized sand-gravel index To our knowledge, 17 studies to date have performed 10 Be analyses of both detrital sand (< 2 mm) and gravel (>1 cm) (detailed list in Table S3 ). In most cases, those studies found significant differences between [ Be] due to shielding by ice (e.g. Wittmann et al., 2007) ; (2) lithological variations leading to gravel production mainly at lower elevations, where 10 Be production rates are lower (e.g. Palumbo et al., 2009) ; (3) an over-representation of gravels from low elevations, because high-elevation gravels are comminuted during transport (e.g. Matmon et al., 2003; Belmont et al., 2007) (4) deep-excavation events exhuming coarse material with low [
10 Be] (e.g. Brown et al., 1995; Belmont et al., 2007; Puchol et al., 2014) ; (5) coarse material being primarily derived from steep, faster eroding slopes (e.g. Carretier et al., 2015; Riebe et al., 2015) ; or (6) the alteration of [ 10 Be] in sand and gravel due to temporary storage within the catchment (e.g. Schildgen et al., 2016) . Conversely, [
10 Be] sand can be lower than [
10 Be] gravel (NSGI < 0) when gravels are transported more slowly than sand across low-gradient slopes (Codilean et al., 2014) . In the following, we will discuss for each of those processes (i) how the different mechanisms affect [
10 Be], (ii) if those mechanisms apply to our study area and, (iii) if they can explain the positive trend of NSGI with catchment-median slope in our dataset ( Figure 4C ).
Glacial debris can increase the NSGI value, if the glacial deposits contribute more gravel than sand and if those gravels have a lower [ 10 Be] than the hillslope material due to shielding by glacial ice (Wittmann et al., 2007) . In our study area, glacial moraines are present (as indicated in Figure 4B ), but we found no systematic relationship between NSGI and previous glacial cover: the catchments with the highest NSGI values experienced no visible glacial overprint.
Lithological variability can explain positive NSGI values, if gravel is exclusively derived from a rock type that only occurs at low elevations in the catchment, where 10 Be production rates are lower. Lithological variations are present in our study area (Figure 2 ), but cannot explain the observed systematic increase in NSGI from north to south. In several catchments, only one lithology crops out -Proterozoic metasediments ( Figure  S2 ). Among those catchments, we measured both very high NSGI values close to 1 (T26, T27) and low NSGI values close to 0 (T69, T28) ( Figure 4C) .
Comminution of gravels during transport would result in an over-representation of gravel from lower elevations, where 10 Be production rates are lower. This mechanism probably affected our samples, but likely only to a minor degree. Lavé (2006, 2009) experimentally measured mean abrasion rates between 0.15 and 0.4 %/km for Himalayan quartzites, quartzitic sandstones, and granites. The lengths of our sampled tributaries range from~4 to~75 km. These lengths would imply a maximum possible grain-size reduction of 30% through abrasion, but in most cases less than 10% for the farthest-transported gravel. In another study from the Tsangpo-Brahmaputra catchment, Lupker et al. (2017) modelled abrasion to explain observed dilution in fluvial [ 10 Be]. They predicted that the effects of abrasion become apparent after 50 to 150 km, which is longer than the majority of our catchments. If the variations in NSGI in our study area were explained by an over-representation of gravels derived from low-elevations, we would expect a correlation between the NSGI and catchment size, but such a correlation does not occur in our dataset ( Figure 5 ).
The increase of NSGI values with median catchment slope in our dataset implies a higher contribution of low [
10 Be] gravel in steep areas. Those steep areas are characterized by steep-slope gullying and deep-seated landsliding ( Figure 4C ). As we assume that all hillslope processes contribute to the fluvial sand and gravel fractions, but that deep seated processes produce relatively more gravel and diffusional hillslope processes produce relatively more sand ( Figure 1B) , two mechanisms can achieve lower [
10 Be] gravel relative to [ 10 Be] sand . One possibility is that the erosion depth and/or recurrence interval of deepexcavation processes increases with steeper slopes (Puchol et al., 2014) (Figure 1C moving to the right) . Although we have no field measurements (e.g. landslide depths) to demonstrate the depths of the hillslope processes, it is probable that landslides erode to a greater depth per event than, for example, scree production. Previous studies have measured coarser sediment in landslides compared to non-landsliding hillslope processes, indicating greater erosional depths in landslides (Whittaker et al., 2010; Attal et al., 2015; Roda-Boluda et al., 2018) . Thus, an increasing depth per erosion event and/or shorter recurrence intervals of excavation events with steeper slopes could help explain the linear increase of NSGI with catchment-median slope. We also observe an increase in NSGI with the proportion of the catchment surface-area affected by deep-seated processes (Figure 4D) . Hence, both mechanisms are likely to help explain the observed variations in NSGI.
If gravel-producing processes are not equally distributed throughout the catchment, but instead occur preferentially on steeper, faster eroding slopes, then the [
10 Be] in gravel would be on average lower than in sand. The mapped non-diffusive hillslope processes in the Quebrada del Toro tend to occur on different hillslope angles ( Figure 6A ). Whereas low-slope gullying mainly occurs on lower slopes (median slope 18.6°; Figure 6B ), the median hillslope angles increase for steep-slope gullying (33.4°), scree production (34.0°) and deep-seated landsliding (36.7°). The median slopes of scree production, steep-slope gullying, and landsliding are all higher than the median slope of the steepest catchment (T26: 32.2°). Thus, the processes that we infer to preferentially produce gravel tend to occur on steeper, faster eroding slopes within the catchments. The slope distributions of the catchments reveal a change from bimodal slope distributions in the north (e.g. T59, T68, T35) to unimodal distributions in the south with a shift towards a higher percentage of steeper slopes (e.g. T26, T27, T32, T44) ( Figure 6C ). To explain higher NSGI values from the steeper catchments in the south, the gravel must be sourced primarily from deep-seated erosion processes occurring in areas of faster erosion, whereas the sand must be sourced more uniformly throughout the catchment (Aguilar et al., 2014; Carretier et al., 2015) . This interpretation is supported by the fact that the change in slopes affects the [ Be decay during long-term burial ( Figure 7A ). Consequently, in areas of low connectivity between hillslopes and river channels, the 10 Be signature of deep-excavation processes could be overprinted by inefficient sediment transport through the catchment. In contrast, low sediment storage space enables fast downstream transport of sediment with minimal effects on the [
10 Be] in sand and gravel, and preservation of the original [
10 Be] signatures in the sediment delivered from the hillslopes ( Figure 7D ). In the field we observe a greater potential for sediment storage in the northern part of the study area, where Quaternary deposits in the form of alluvial fans and . Topographic analysis confirms that the southern catchments, having relatively high NSGI values, show unimodal slope distributions with relatively high median slopes and concave-up river profiles, ensuring good connectivity between hillslopes and channels, which facilitates continuous transport of sediment downstream (Figure 6C, 8) . In contrast, the northern catchments, with relatively low NSGI values, are characterized by bimodal slope distributions, lower median slopes, and convex segments within their river profiles (especially T68 and T59) ( Figure 6C, 8) . These convex segments are characterized by sedimentary fill in the form of Quaternary fluvial fill terraces (Tofelde et al., 2017) , mass-failure of hillslopes (Marrett and Strecker, 2000; Mikuz, 2003) , preserved lake sediments (Trauth and Strecker, 1999; Marrett and Strecker, 2000) , and widespread alluvial-fan deposits (Figure 2 , S2). Overall, this evidence points to more transient sediment storage and a higher alteration potential of [ 10 Be] in the northern catchments. As such, upstream deposition of sediment does not explain the positive linear NSGI-slope trend, but is likely to explain why scatter in the relationship between NSGI and slope is larger in the northern catchments compared to the southern catchments ( Figure 4C ).
Negative NSGI values were only measured in catchments with median slopes below 25°and are predominantly found in the northern, slowly denuding areas. We suggest that these negative values are a result of slower transport of gravel compared to sand on the gentle slopes, as has been noted in other low-slope regions (Codilean et al., 2014) . If transient sand and gravel are equally distributed with depth in the temporary sedimentary deposits, such that they are exposed to similar 10 Be production rates during downstream transport, then negative NSGI values could potentially be used to infer relative differences in sand and gravel residence times.
We infer that several previously described mechanisms that can alter [
10 Be] in sand and gravel could have affected our samples. Only three of those mechanisms, however -(1) increasing depth and/or shorter recurrence intervals together with a rising percentage of surface area covered by deep-excavation events with increasing slopes, (2) gravel being primarily produced on steeper, faster eroding slopes, and (3) slow transport of gravel on gentle slopes -can explain the linear increase of NSGI with catchment-median slope. We suggest that transient sediment storage and the consequent alteration of [
10 Be] in sand and gravel, particularly in the northern part of the basin, explain the majority of the observed scatter of the NSGI-slope relationship. We do not find clear evidence that glacial pebbles, lithological variation, or comminution affect the NSGI. However, we cannot rule out their contribution to the scatter in the NSGI-slope relationship.
In summary, in the Quebrada del Toro, the effects of deepexcavation processes in the southern catchments are captured well by high NSGI values. Lower NSGI values in the north partly reflect less prevalent deep-excavation processes (based on our hillslope-process inventory), but those samples are likely Granger et al., 1996; Wittmann et al., 2007; Ouimet et al., 2009; Bookhagen and Strecker, 2012; Scherler et al., 2014) , which is commonly assumed to be uniformly sourced throughout the catchment (Aguilar et al., 2014; Carretier et al., 2015) . The non-linear relationship between NSGI and catchment-mean denudation rates reveals that the highest NSGI values coincide with the highest denudation rates ( Figure 4E ). As originally hypothesized, most of these fast denuding catchments (T26, T27, T44 and T43) with high NSGI are characterized by a higher abundance of deep-seated processes ( Figure 4D) Niemi et al., 2005; Yanites et al., 2009 ). In such cases, the NSGI could potentially be used not only as a tracer of hillslope processes, but also as a tool to detect biases in 10 Be derived denudation rates.
Conclusions
By combining [
10 Be] measurements in sand and gravel with a detailed hillslope-process inventory, we demonstrate empirically a shift in hillslope erosion processes with increasing catchment-median slopes and 10 Be derived catchment-mean denudation rates. Specifically, rapid increases in denudation rates as hillslopes approach threshold angles are associated with increasing importance of steep-slope gullying, with a minor contribution from landsliding. As such, we suggest that the non-linearity in the cosmogenic nuclide-derived correlations between denudation-rate and slope are not only linked to the adjustment of landslide frequency, but also to a shift in the type of hillslope processes.
We find that the normalized sand-gravel index (NSGI) shows a linear, albeit scattered, increase with catchment-median slope, indicating an increased contribution of low [ 10 Be] gravel in steeper areas. By excluding other options, we conclude that the increase can only be explained if (i) non-diffusive hillslope processes contribute more gravel compared to sand, (ii) the erosion depth per event, the event frequency, and/or the affected surface area increases with higher slopes, and (iii) gravel is primarily produced on steeper, faster eroding slopes. The shift to higher NSGI values coincides with a shift in hillslope processes from low-slope gullying to scree production to steep-slope gullying and landsliding. As such, the NSGI may track changes in hillslope processes. However, the NSGI-slope correlation exhibits significant scatter. We explain the majority of the scatter, especially in lower-slope areas, by the limited hillslopechannel connectivity, which can delay the delivery of sediment with low [
10 Be] to channels, providing more time for 10 Be accumulation or decay. While high NSGI values in the southern catchments appear to be a reliable signal of deep-excavation processes, lower NSGI-values in the northern catchments are a less reliable proxy for hillslope processes due to transient sediment storage and the potential for overprinting of [
10 Be] in the sediment.
Acknowledgements-J. Schüürmann, L. Pollozek, D. Käter, M. Lang, and C. Schulz are thanked for help with sample processing and S. Binnie and S. Heinze for performing the AMS measurements. In addition, we would like to thank Sébastien Carretier and Maarten Lupker for highly constructive review comments. This study was funded by the Emmy-Noether-Programme of the Deutsche Forschungsgemeinschaft (DFG) grant number SCHI 1241/1-1 awarded to T.S. Figure 4C ). Separation of samples into three distinct domains based on their differences in NSGI, slope distributions, and river profiles (light grey to dark grey). (B) Best-fit slope distributions from all sample sites where sand and gravel were collected. The slope distributions evolve from a bimodal distribution with lower median slopes in the north to a unimodal distribution with higher median slopes in the south. (C) Longitudinal river profiles of the catchments. Elevations are relative to the sampling location. Profile shapes evolve from gentle, partly convex profiles in the north to steeper, concave-up profiles in the south. We interpret the channel geometries as an increase in hillslope-channel connectivity and increased uplift rates from north to south, while sediment storage within the catchments increases from south to north.
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S. TOFELDE ET AL. 10 Be concentrations in a sand and a gravel fraction for the same location. The list is an update of the compilation by Codilean et al., (2014) , which was itself updated by Carretier et al., (2015) . Figure S1 Basin mean denudation rates compared to topographic (A,B,C,D) and climatic (E,F) parameters. Figure S2 shows the geological maps for each catchment (main stem and tributary) for which we collected cosmogenic radionuclide samples. Figure S3 10 Be concentration of the sand and gravel pairs compared to median basin slope. Each pair is represented by one color. Circles represent sand samples, triangles the gravel samples. Note that the y-axis is logarithmic. In steeper areas (> 25°) the 10 Be concentration in gravel is significantly lower than in the sand samples.
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